Abstract An increasing number of GNSS reference stations are installed around the world to provide real-time precise positioning services. In most of the current services, a full network solution is required for the precise determination of biases. Such a network solution is time consuming and difficult to achieve for very large regions such as Europe or China. Therefore, we developed a multilayer processing scheme for precise point positioning (PPP) regional augmentation to avoid processing large networks. Furthermore, we use L1 and L2 raw observations and estimate atmospheric delays, which were properly constrained to the atmospheric corrections derived from the reference stations. Therefore, inaccurate representation of atmospheric delays due to temporal and/or spatial atmospheric fluctuations in the processing can be compensated. The proposed scheme of PPP regional augmentation was implemented into the operational real-time PPP service system at GFZ for validation. The real-time orbit and clock corrections, the uncalibrated phase delays, and regional augmentation corrections are generated by this system. The augmentation corrections from the regional network are investigated and the positioning performance in terms of positioning accuracy and time for fixed solution is demonstrated in real-time. Our results indicate that a reliable fixing is possible after 5 s on average. The positioning accuracy is about 12, 10, and 25 mm in east, north, and vertical direction, respectively.
2002). The PPP performance is expected to improve in the future when more accurate pseudorange measurements will be available or observations at additional carrier frequencies (Feng 2008) .
PPP and NRTK have specific advantages and disadvantages. To make use of the first and to reduce the latter both are being further developed and improved. For example, while NRTK developments lead to support undifferenced corrections to extend the service coverage (Zou et al. 2012) , several augmentation methods are developed to improve the performance of global PPP service in specific areas by making use of regional reference networks (Wübbena et al. 2005; Li et al. 2011; Zhang et al. 2011a ). In the methods developed by Wübbena et al. (2005) and Zhang et al. (2011a) , an integrated network solution is still unavoidable which is very time consuming and seldom available for regional networks with a large number of reference stations.
In this contribution, a multi-layer processing scheme is developed by employing PPP for regional reference stations ) in order to avoid processing large networks. Moreover, we use L1 and L2 raw observations in the PPP algorithm and estimate atmospheric delays using proper a priori constraint, so that ambiguities in L1 and L2 can be resolved to integers directly. Consequently, corrections can be generated at the undifferenced level and broadcasted station by station, enabling the user to decide which nearby reference stations should be selected for interpolating the corrections. In this way, the heavy communication burden in most of the current NRTK methods can be decreased significantly.
The new processing scheme for PPP regional augmentation (PPP-RA) is implemented into the GFZ real-time precise positioning service system for validation. The performance in terms of the position accuracy and the time to fixed solution is demonstrated with a large set of realtime data.
The processing scheme
The observation model for PPP with raw observations is introduced first. A PPP-RA (PPP Regional Augmentation) processing scheme is then proposed for efficient estimation of different corrections. The user positioning algorithm is presented in detail afterwards.
Observation model
Since the initial phases and hardware delays cannot be easily separated, we group them as uncalibrated phase delay (UPD) for receiver and satellite, respectively (Blewitt 1989) . Then the observation equations of undifferenced carrier phase and pseudorange can be expressed as
where indexes s, r, and j refer to the satellite, receiver, and frequency; t s and t r are the clock biases of satellite and receiver; N s r;j is the integer ambiguity; B r,j and b s j are the receiver and satellite UPDs; k j is the wavelength; d r,j is the signal delay from the receiver antenna to the receiver signal correlator; d j s is the signal delay from the satellite signal generator to the satellite antenna; I s r;j is the slant ionospheric delay at the frequency j; T s r is the slant tropospheric delay; e s r;j and e s r;j are the pseudorange and carrier phase measurement noise. Furthermore, q g denotes the geometric distance between the electronic phase centers of the satellite and receiver antennas at the signal transmission and receiving epochs. The phase center offsets and variations and the station displacement due to tidal loading must be considered. Other corrections such as phase wind-up or relativistic delays must be precisely applied according to the existing models.
The slant tropospheric delay consists of the dry and wet component. Both can be expressed by their individual zenith delay and mapping function (Boehm et al. 2006) . The tropospheric delay is usually corrected for its dry component with an a priori model, for example dry Saastamoinen model, while the residual part of the tropospheric delay (considered as zenith wet delay Zwd r ) at the station r is estimated from the observations
where M s r is the wet mapping function. For multi-frequency observations, the ionospheric delays at different frequency can be expressed as
The ionospheric delays can be eliminated by the linear combination of observations at different frequencies. Usually, the ionosphere-free observation is used for PPP and for the network solution. Alternatively, the dual-frequency data can be processed to also estimate the slant ionospheric delays in the raw observations (Schaffrin and Bock 1988; Odijk 2002) . In order to strengthen the solution, a priori knowledge of the ionospheric delays is utilized to constrain the estimated ionospheric parameters. The temporal change in the slant ionospheric delay of a satellite-station pair can be represented by a stochastic process that considers its temporal correlation (Bock et al. 2009; Dai et al. 2003) . Ionospheric gradient parameters could be used to represent the spatial character of the ionospheric delay distribution (Chen and Gao 2005) . The temporal correlation, spatial characteristics, and ionospheric model constraints are comprehensively considered to improve the performance of single-frequency PPP ) and PPP ambiguity fixing (Li 2012 is the mapping function at the ionospheric pierce point (IPP); the coefficients a i i ¼ 0; 1; 2; 3; 4 ð Þdescribe the trend; dL and dB are the longitude and latitude difference between the IPP and the station location, respectively.
An efficient strategy to derive corrections
Precise positioning service requires that all error components must be represented with certain accuracy in order that errors at the user stations can be mitigated to achieve the desired positioning accuracy. Theoretically, the integrated network solution is an ideal approach which, unfortunately, is burdened by a high computational load that increases with the number of network stations. For example, it is very difficult to update satellite clock corrections every second using a network with more than 100 stations. Therefore, the integrated network solution is not applicable to regional augmentation of large areas. Taking the various properties of the different error sources into account, we developed a multi-layer processing strategy to avoid the time-consuming network solution for all reference stations. This strategy includes four layers that provide (a) precise orbits, (b) precise clocks, (c) satellite UPDs, and (d) ionospheric and tropospheric corrections. The network solution must be used within the first two layers for the estimation of precise satellite orbits and precise clocks. The orbits from the first layer will be fixed for the precise clock estimation in the second layer. In layers three and four, the UPDs and ionospheric and tropospheric corrections are generated using PPP and utilizing orbits and clocks derived from the previous layers. The first two layers thus provide the standard products for PPP service as a base. If the capacity of layers three and four is integrated into this base, then PPP with ambiguity resolution and PPP with regional augmentation can be supported for the user.
The precise orbit is usually determined in a batch-processing mode using about 100 globally distributed stations. Due to its dynamic stability, it is predicted for real-time applications. The GFZ provides an ultra-rapid product (GFU) updated every 3 h for real-time users. The clock corrections have to be estimated and updated much frequently (Zhang et al. 2011b ) due to their short-term fluctuation. The clock corrections can be estimated with the same or a similar network as used for the orbit determination or with a regional network consisting at least of tens of stations. During clock estimation, the satellite orbit and station coordinates are held fixed or are tightly constrained while the satellite and receiver clocks, the ambiguities, and the ZTD parameters are estimated. Strong constraints on fixed double-differenced ambiguities would also enhance the solution and improve the accuracy of the estimated clock products (Geng et al. 2012) .
The UPDs estimates from a dense reference network are more stable and accurate than when estimated from a sparse network (Geng et al. 2011; Li and Zhang 2012 ). With precise orbit and clock products, the UPDs can be estimated using ambiguities from the PPP solution (Ge et al. 2008) , which enables UPD to be estimated from much denser networks. In this contribution, we also employ the raw observation Eqs. (3), (4), (5) and ionospheric constraints of (6) to derive the UPDs on L1 and L2 frequency instead of using Melbourne-Wübbena (MW) and ionosphere-free (L3) combinations.
One possible solution for achieving instantaneous ambiguity fixing is to provide precise atmospheric delay corrections as is done in NRTK. Since the ionosphere and troposphere are spatially correlated with correlation reducing with distance, and dense reference networks with an inter-station baselines of several tens of kilometers are required for the precise representation of atmospheric delays. This is also the major reason for deploying more than 300 stations in Germany and over 1,000 stations in China to provide NRTK services.
The key for a precise representation of all the biases is a successful ambiguity resolution of the regional reference network Zou et al. 2012) . With the orbit and clock products available and using the undifferenced observations (3) and (4), the relation (5), and ionospheric constraints (6), the PPP solution can be carried out station by station. For all regional reference stations, the coordinates can be fixed to speed up the convergence time. By applying the L1 and L2 UPD corrections from layer 3, the integer ambiguity resolution can be attempted at any epoch in real time. As soon as most of the undifferenced integer (UD) ambiguities are fixed to integers, the undifferenced atmospheric corrections can be derived straightforwardly. With the integer UD ambiguities of the reference network, the corresponding undifferenced atmospheric corrections of ionospheric slant delay and zenith wet delay can be derived station by station as
This procedure is very easy to be realized even for the reference network with a large number of stations. Furthermore, biases with different physical characteristics such as tropospheric and ionospheric delays can also be represented separately at the server end for possible improvement based on their own properties. Besides the significant improvement in the computational efficiency, it is also of great importance that the corrections can be broadcasted station by station via NTRIP (Networked Transport of RTCM via Internet Protocol, http://igs.bkg. bund.de/ntrip). A number of nearby reference stations can be selected by a user according to the approximate coordinates, and relevant station-wise atmospheric corrections can be disseminated efficiently. The heavy communication burden in most of the current NRTK methods can be reduced significantly in this way.
Positioning algorithm
At the user end, the same PPP algorithm described by (3), (4), and (5) is utilized. Using the orbit and clock corrections only, the standard PPP can be carried out. If any UPD product is also available, the PPP ambiguity fixing can be achieved on a global scale based on tens of minutes of observations. Furthermore, if the precise atmospheric corrections from a regional reference network are also accessible via NTRIP, the user can achieve almost instantaneous ambiguity fixing by applying the interpolated corrections for removal of atmospheric delays.
However, the atmospheric delays derived at each station could be biased due to an inaccurate modeling or other station-dependent error since the lower-order polynomial interpolation might not be able to represent irregular spatial and temporal fluctuations in small scales. This representation error could be reduced by deploying very dense reference networks. In order to balance the representation accuracy and the density of reference stations, the ionospheric slant delay and tropospheric zenith delay at the user stations are estimated as unknown parameters similar to the standard PPP using (3), (4), and (5) and properly constrained to the interpolated corrections. In this way, the standard PPP and augmented PPP can also be integrated.
Assume that the selected reference stations are r 1 to r n for interpolating corrections for user r u . The ionospheric slant delay parameter for an individual satellite s i is constrained to the interpolated correction as 
The PPP-RA service system
The EPOS-RT software ) has been developed in the IGS (International GNSS Service) real-time data analysis center at GFZ and is used for generating realtime orbits, clocks, global ionospheric map (GIM), and UPD. Recently, the software was adapted for providing regional augmentation corrections (RAC), and the corresponding client software iPPP extended for using these RACs. The new system is now running operationally to provide RACs for Germany with the SAPOS real-time stations.
The data flow at the server of the PPP-RA service is illustrated in Fig. 1 . The server receives data from the observation caster for both global and regional stations. The global data is employed to estimate orbits and clocks which are transmitted via the service caster to users. With the orbits and clocks data, the PPP can be carried out for any reference station, so that UPD can be estimated from the ambiguities of the PPP solutions. With the orbits, clocks, and UPDs data being available, the integer UD ambiguities on L1 and L2 frequency are fixed in PPP mode, and atmospheric corrections are derived and casted to users on a station basis. It should be mentioned that ambiguity resolution at the regional reference stations is very critical, as an ionospheric correction can be derived only when its ambiguity is fixed. This is also shown in (7).
At the user stations, the source table with the regional reference station locations should be downloaded at the beginning. At least three nearby stations are selected according to the user location and the communication link is setup for continuously receiving corrections. Besides the orbit, clock, and UPD products used in PPP ambiguity resolution, the atmospheric corrections must be interpolated and imposed as constraint on related parameters. Then the instantaneous ambiguity resolution is achievable. The data flow at the user is illustrated in Fig. 2 .
Results
The positioning results are analyzed to validate the performance. Both, real-time positioning accuracy and time to achieve a fixed solution are evaluated using a large data set.
Data and processing strategy Figure 3 shows the distribution of the German SAPOS real-time stations. There are about 300 stations (small red Fig. 1 Data flow at the server of the PPP-RA service Fig. 2 Data flow at the user end for PPP-RA using regional augmentation corrections dots), equipped with various types of GNSS receivers. The real-time data with 1 Hz sampling rate is provided for this study. The real-time orbit and clock products are generated as described in ''An efficient strategy to derive corrections''. The selected regional reference stations (large black dots) are processed in PPP mode using the generated orbit and clock products, and UPDs are then estimated from these regional stations. The UD atmospheric corrections are generated on the selected regional reference stations by using the strategy introduced in ''An efficient strategy to derive corrections''. The corrections are broadcasted via NTRIP on the station basis.
Seventeen stations which are marked with green squares are chosen as test stations. The user positioning algorithm, as presented in ''Positioning algorithm'', was applied at each test station. Three nearby reference stations are selected for interpolating corrections, and a cutoff elevation angle of 10°i s applied to ensure usable observations. The station coordinates are estimated epoch by epoch without any constraints between epochs. The integer ambiguity resolution is Fig. 3 Distribution of real-time stations of the SAPOS network used for this study. Each small red dot indicates a station. Large black dots indicate the selected regional reference stations and the large squares refer to for user stations attempted epoch-wise, and L1 and L2 ambiguities are fixed simultaneously using the LAMBDA method (Teunissen 1995) . The ratio between the minimum and the second minimum quadratic form of residuals is applied to decide about the success of fixing the integer ambiguity candidate, while the threshold for the ratio test is set to three as usual.
PPP-RA performance
For the selected user stations, the estimator is restarted every minute to obtain the statistics on the time for ambiguity fixing and the position accuracy of the fixed solution. The statistical results of GPS week 1,675 are shown in Figs. 4, 5, 6 . Figure 4 shows the statistics of the observation time needed for successful ambiguity fixing. For about 87 % of the solution, the ambiguity can be fixed with just one epoch of data. On average, data of 5 s are needed for a reliable ambiguity fixing. We also notice that there are few solutions where ambiguities cannot be fixed within the predefined restarting time of 1 min. Further investigation should be carried out for possible improvement.
As soon as the integer ambiguities have been successfully fixed, the coordinates at the epoch are used to assess the positioning accuracy of the PPP-RA service. The fixed solutions are compared with the precise coordinates from post-processed daily solutions. Figure 5 shows the distribution of position differences in up direction. The vertical component has a RMS of 25 mm. Figure 6 shows the distribution of position differences in horizontal direction. The RMS of east and north components are 12 and 10 mm, respectively.
For validating the improvement of the PPP algorithm using raw observations, the PPP-RA scheme by Li et al. (2011) , in which user observations are corrected directly with atmospheric corrections and wide-lane/ionospherefree observations are employed, is also carried out in parallel. The corresponding results are shown in Figs. 7, 8, 9 . Figure 7 shows the statistics of observation time needed for successful ambiguity fixing. For about 68 % of the solutions, the ambiguity can be fixed with one epoch of data. On average, data of 10 s are needed for a reliable ambiguity fixing. Figure 8 shows the distribution of position differences in the up direction. The vertical component has a RMS of about 30 mm. The RMS of east and north components (Fig. 9 ) are 15 and 12 mm, respectively. These results confirm that the new PPP algorithm significantly improves the ambiguity fixing performance and positioning accuracy. An example for the position differences of fixed kinematic PPP solution and post-processed daily solution for the SAPOS station 0675 is given in Fig. 10 . This figure indicates that a position accuracy of a few centimeters is achievable using PPP with regional augmentation corrections.
Investigation on corrections
To better understand the level of improvement, reached by the application of the new strategy, we selected stations 0642, 0647, 0680, and 0675. The UD corrections and the interpolated values were derived and analyzed in detail.
The estimated UD ionospheric delays and the corresponding elevation angles of GPS satellite PRN15 are illustrated as an example in Fig. 11 for one continuous arc from 16:00 to 21:00 on February 12, 2012 (DOY 043). One can see the temporal correlation of the ionospheric delay and the strong correlation between elevation angles and ionospheric delays. The zenith wet delays of the SAPOS station 0642 are shown in Fig. 12 .
Typical uncalibrated phase delays of GPS satellite PRN15 on L1 and L2 frequencies are shown in Fig. 13 , while the corresponding UPDs of wide-lane (WL) and With the UD atmospheric delays retrieved at the augmentation stations 0642, 0647, and 0680, the atmospheric delays of user station 0675 are interpolated epoch by epoch with the linear combination method. The resulting interpolations are compared with the retrieved values as was done similarly at the reference stations in order to assess the accuracy of the interpolation. Figure 15 shows the differences for satellite PRN15, the differences are seen to be generally smaller than 5 cm with RMS of 2 cm. Tropospheric interpolation errors are shown in Fig. 16 . Since the accuracy of zenith wet delay interpolation is better than 1 cm, the corrections are accurate enough for rapid ambiguity fixing.
Conclusions
A multi-layer strategy for precise GNSS data processing was developed and introduced in order to realize PPP augmentation with a large number of reference stations. The generation of orbits and clocks as incorporated in the current real-time PPP system at GFZ are included as two basic layers. This makes it possible that PPP can be utilized for any station, including the regional reference stations, in the other two layers that pertain to the estimation of UPDs and regional augmentation corrections. At each reference station, the integer ambiguity on L1 and L2 frequency are fixed in PPP mode by using raw observations. Once most of the UD ambiguities of the reference stations are resolved, the corresponding undifferenced atmospheric corrections can be derived and broadcasted station by station to users. The atmospheric delays, derived at each station could be biased due to inaccurate modeling or station-dependent error, and the lower-order polynomial interpolation might not be able to represent irregular spatial and temporal fluctuations of small scales. Therefore, we use L1 and L2 raw observations with atmospheric delay parameters which are constrained properly to the interpolated atmospheric corrections. A proper constraint, which matches the accuracy of corrections, can compensate the remaining systematic biases caused by large inter-station distances.
The new PPP-RA scheme is implemented into the EPOS-RT software and is running operationally at GFZ to demonstrate the positioning performance in accuracy and time for fixed solutions. The statistics show that ambiguities can be fixed with just one epoch of data in about 87 % of the cases, and 5 s are needed on average for reliable ambiguity fixing. After ambiguity fixing, the RMS of the PPP position differences, compared to the daily static solution, is about 12, 10, and 25 mm in east, north, and vertical components, respectively. 
